In order to removes the ring effect in traditional image denoising algorithms using wavelet thresholding, the paper analyzes the wavelet coefficients of noise images, uses second-order 
Introduction
It is unavoidable that image is polluted by noise during collection, preservation and transmission. And further processed in tasks such as edge detection, segmentation, feature extraction, texture analysis are affected by noise, also. In order to analysis and comprehend image more accurately, it is reasonable to remove noise and keep the edge and texture information [1] .
Since noise and image lie on different frequency band, traditional denoising algorithms usually perform low-pass filtering, such as Gaussian smoothing [2] , Wiener filtering [3] . However, the edge and texture is high frequency signal. Consequently, these algorithms blur the edge and texture information [4] . In order to preserve the structure information, researchers have proposed a large number of improved filter algorithms, such as mixed filtering method [5] and context bilateral filter [6] . These denoising algorithms based on filter only suppress the high frequency components, and ignore the fact that the high frequency components contain the edge and texture of image. Although the denoising algorithms based on Morphology achieve better performance to keep the information of edges, it is difficult to construct optimal morphological structure elements [7] . [8] makes use of the statistical information and the redundancy of image to analysis noise and have stronger capability than low-pass filter to suppress noise [9] . But the algorithm computes feature vectors from the information of images which depend on image sets [10] . Moreover, the dimensions of the feature vectors also relate to the size of the image in the sets [11] . In light of Magnitude and characteristics of noise, [12] uses intrinsic mode function to decompose the image and embeds the first and second IMFs into PeronaMalik model. Actually, due to the sparsity of the image in orthogonal transformation, it is necessary to estimate image data from several coefficients [13] [14] . Therefore, according to the feature of orthogonal transformation and the noise distribution in the transform domain, [15] performs thresholding denoising in wavelet domain. The selection of the threshold values has to do with the effect of denoising. The higher the threshold is chosen, the more image structure lost. The wavelet coefficients contain both noise and edge in the image, so it is hard to separate noise from the edge information based on the amplitude simply. At the same time, not all images can be represented sparsely using orthogonal transformation [16] . [17] adopts Contourlet wavelet to reduce noise to keep the edge and texture.
This study proposes a wavelet denoising algorithm based on Contrast Sensitivity Function (CSF) of the Human Vision System Theory to overcome the ring effect of traditional wavelet thresholding denoising. Firstly, we analysis the characteristic of image wavelet low frequency and medium and high frequency coefficients, and then adopts second-order central moment of HH1 sub-bands as the noise variance and computes threshold values of each level and then performs wavelet thresholding denoising on each image block [18] . At last, in order to suppress the ring effect, the paper weights these denoised wavelet coefficients using Kaiser Function. Compared with traditional algorithms, because the algorithm in the paper makes use of the characteristics of wavelet coefficients and the Human Vision System Theory, it preserves the edge and texture information and removes the ring effect. Moreover, the algorithm uses Kaiser Function to overcome blocking effects and improves the visual effects of the denoised image.
The Characteristics of the Wavelet Image
Wavelet transform is an important tool to analysis non-stationary signals, which has good local properties in time and frequency domain and de-correlates signals. Wavelet transform have been widely used in image processing area in recent years [19] - [21] . The three-level wavelet decomposition is shown in Fig. 1 . High frequency component contains the structure and the noise and the low frequency component contains the smoothing area of an image. The low frequency sub-images of Lena and its noisy image are shown in Fig. 2 . It is easy to found that the noise in LL1 sub-image is more than in LL2 sub-image and the noise in low frequency sub-image decreases with the increase of the decomposition levels. At the same time, some edge and texture detail are lost, also. The high frequency sub-images of original image and noise image is shown in Fig. 3 . The medium and high frequency sub-images of the noise image contain the structure information and noise. And as can be seen from Fig. 3 , noise is decreased with the increase decomposition series. For Cameraman, Baboon and Lena with noise, the PSNR values of the low frequency and high frequency sub-images are given in table 1 and table 2. And as can be seen from table 1 and table 2 
The Wavelet Denoising based on CSF
For wavelet transform, most wavelet coefficients for smooth area and edge are equal zeros, but they are more sensitive to small changes and the wavelet coefficients in texture area are very small. So the paper divides noise image into a large number of blocks X with m ḿ and performs 2D wavelet transform on each image block. The decomposition level N depends on the size of each image block. The first level high frequency coefficients 1 HH WX have less information of the edge and texture and more noise. The mean value of these coefficients is close to 0. 
We choose second-order central moment of HH1 sub-bands as the noise variance
For the noise of these sub-images decreases with the increase of the decomposition levels, we use formula (4) 
We perform denoising on each decomposition level:
Where γ is set as： sgn( )( ) ( , ) 0
In order to improve the visual performance of noise image, we weight these denoised wavelet coefficients based on CSF to compensate low contrast sensitivity which result by too large or too small spatial frequency. The CSF function is proposed by Mannos and Sakrison through a large number of experiments:
CSF function is a band-pass filter approximately as shown in Fig. 4 . It can be seen that the contrast is most sensitive in [3, 25] f Î , and less sensitive in lower and higher frequency. We weight these wavelet coefficients on each level using non-linear band-pass property of CSF. The weight is the average value in corresponding band. For example, five-level wavelet decomposition has six sub frequency bands, so the weights ( ) ( 0,1,2,3 The weighted result is given as below:
According to inverse wavelet transform, we can get denoised image blocks X  . The denoising result of Fig. 2(b) is shown in Fig. 6 .
The Solution of Blocking Effects
It is inevitable that some of the information of image blocks will be lost using thresholding denoising approach, and is easy to result in blocking effects. In order to make up the limitation, we weight each image block with Kaiser Function in term of the over-sampling among different blocks. The function is defined as below:
The weighted result with Kaiser Function of Fig. 6 is shown in Fig. 7 : 
Experimental Results and Discussion
Edge, noise and texture information is contained mainly in medium frequency and high frequency coefficients of the noisy image, and the coefficients of HH1 are constituted with noise information. So this study use the second-order central moments of the HH1 coefficients as the noise variance to determine the denoising threshold value, which associated with the wavelet decomposition levels. And then the paper performs wavelet thresholding denoising on each image block. The size of the blocks is m ḿ , the larger value of m selected, the smaller relevance of the pixels in the block and the weaker sparsity of the transform coefficients be. The noisy image which shown in Fig. 8(a) is denoised with different m , and the values of the PSNR are shown in table 3. And as can be seen from Table 3 , there are much noise in denoised image when 4 m = , and many texture details are lost when 64 m = . 
Fig 9. Denoising Effects with Different Δ
To verify the effectiveness of the proposed algorithm, images added with Gaussian noise in different intensity are denoised using Gaussian smoothing [22] , the traditional wavelet threshold denoising algorithm [23] , BM3D [24] and the proposed method. Data in table 5 demonstrates the denoising performance of different algorithms mentioned above. For the test image Lena and Cameraman, the PSNR values of the proposed method are higher than Gaussian smoothing algorithm and traditional wavelet thresholding algorithm, because there are a few wavelet coefficients which contain real image energy in smoothing region.
And for image Baboon which contains rich texture information, the denoising effect of the proposed method is better than Gaussian smoothing algorithm in smooth region. At the same time, Gaussian smoothing algorithm is better than our method in rich texture region. Compared with BM3D, the calculation time of the proposed method is shorter. 
Conclusion
In order to removes the ring effect in traditional image denoising algorithms using wavelet thresholding, the paper analyzes the wavelet coefficients of noise images, and found that lowfrequency bands represent the approximate image information, reflect the overall outline and the noise in these coefficients decreases gradually with the increasing of decomposition levels; While the high and medium frequency bands contain the edge information and noise of image, in which the sub-bands of HH1 consist of noise. On this basis, the study established the relationship of between denoising threshold value and the decomposition level. Consequently, the paper firstly adopts second-order central moment of HH1 sub-bands as the noise variance and computes threshold values; and then because the sparsity of data depend on its' characteristics, the paper performs wavelet thresholding denoising on each image block. In order to suppress the ring effect and improve the performance of the denoised image, the paper weights these denoised wavelet coefficients using Kaiser Function. Compared with traditional algorithms, because the algorithm in the paper makes use of the characteristics of wavelet coefficients and the Human Vision System Theory, it preserves the edge and texture information and removes the ring effect. Moreover, the algorithm uses Kaiser Function to overcome blocking effects and improves the visual effects of the denoised image.
